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1. Summary 
 
Orientia tsutsugamushi is an obligate intracellular alpha-proteobacterium, the causative agent 
of scrub typhus. Orientia has an extraordinary genome feature, containing a large number of 
tandem repeat genes. Tandem repeat genes encode nonglobular folded proteins, also called 
repeat proteins, which are characterized by repetitive motifs of around 30 amino acid residues. 
These repeat proteins usually mediate protein-protein interaction. Ankyrin repeat (ANK) 
genes and tetratricopeptide repeat (TPR) genes are among the most abundant tandem repeat 
gene superfamilies. These two repeat gene superfamilies may contribute to Orientia’s 
pathogenicity. 

Orientia, Wolbachia and seven Rickettsia genomes were searched in InterproScan to 
identify ANK and TPR genes, as part of the genome annotation projects. Several new tandem 
repeat genes were identified, which had not been described before. ANK and TPR gene 
superfamilies in Orientia were classified into families and groups using sequence similarity 
and their flanking genes. One long “master gene” exists in each TPR gene group. This master 
gene could be the origin of the other genes in the group. Most TPR genes in Orientia were 
associated with the tra gene region, which encodes conjugal transfer protein. Thus, these TPR 
genes could be involved in Orientia’s conjugation system. Phylogenetic trees were 
constructed using different TPR and rpoA gene sequences from Rickettsia, Wolbachia and 
Orientia. Orientia sequences were similar and placed between Rickettsia clusters and 
Wolbachia clusters, suggesting Orientia a member of the Wolbachia and Rickettsia group. 

This study of tandem repeat genes may provide clues to the distribution of repeat genes in 
and among species, give insights to their relationship with Orientia’s pathogenicity, and help 
to realize their role in Orientia’s evolution.  
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2. Abbreviation 
 
ANK: ankyrin repeat 
BLAST: Basic Local Alignment Search Tool 
CDS: coding sequence 
Mb: Mega base 
ORF: open reading frame 
PCR: Polymerase chain reaction 
TPR: tetratricopeptide repeat
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3. Introduction  
 

3.1 Orientia tsutsugamushi 
 
Orientia tsutsugamushi is an obligate intracellular alpha-proteobacterium, the causative agent 
of scrub typhus (Seong et al. 2001). Orientia, Wolbachia and Rickettsia share a common 
ancestor. Orientia was recently separated from Rickettsia to form a new genus because of its 
special phenotypic and genomic attributes, such as cell wall structure, antigenic profiles and 
genome size (Tamura et al. 1995). 
 The Orientia genome is extraordinary, with an amazing number of repeated sequences, up 
to 42% of the whole genome. Like Wolbachia pipientis and Rickettsia felis, Orientia contains 
many tandem repeat genes, such as ankyrin repeat (ANK) and tetratricopeptide repeat (TPR) 
genes. These tandem repeat genes might contribute to Orientia’s parasitic attributes. These 
striking features suggest recent and rapid divergence of Orientia from its relatives such as 
Rickettsia and Wolbachia, and adaptation to the intracellular life in its host. The analysis of its 
genome sequence may underline the evolutionary process of its intracellular life and elucidate 
host-parasite interaction. 
 

3.2 Tandem repeat proteins 
 
Tandem repeat proteins are widely distributed and involved in various essential life processes. 
These nonglobular folded proteins are characterized by repetitive motifs of 20- 40 amino 
acids (Groves et al. 1999). Among the most abundant repeat motifs are the ankyrin repeat, the 
tetratricopeptide repeat, the leucine rich repeat and the armadillo repeat. They usually mediate 
short-range and regularized protein interaction. During the last few years, several exciting 
studies were initiated to characterize these ubiquitous proteins. 
 
3.2.1 Ankyrin repeat proteins 
 
The ankyrin repeat is a 33-residue repeat motif (Breeden et al. 1987). With the exception of 
insertion in the loop region, it seldom deviates from the typical L-shape 
beta-hairpin-helix-loop-helix structure (Figure 1C). Pairs of antiparallel alpha-helices are 
stacked side by side and connected by beta-hairpin motifs (Mosavi et al. 2004). They form a 
cupped hand structure, in which beta-hairpins represent the fingers and alpha-helices the 
palm. 
 Ankyrin repeat domains have been found in various proteins with functions in cell-cell 
signaling, cytoskeleton integrity and cell cycle regulation etc (Mosavi et al. 2004). One 
common property of ankyrin repeat domains is to mediate protein-protein interactions. 
However, no enzymatic function has been found for a single ankyrin repeat domain. 
 Several signature residues define the repeat, and its consensus sequence (Figure 1A). The 
most prevalent motif is TPLH at positions 4 to 7. The proline, at position 5, starts the turn 
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structure, necessary for the L-shape of the ankyrin repeat. The side-chains of histidine at 
position 7 and threonine at position 4 stabilize the beta-hairpin structure. Well-conserved 
glycines at positions 13 and 25 end the helix structure and start the loop. However, the 
ankyrin repeat sequence can exhibit limited amino acid substitutions. Defining the number of 
ankyrin repeat domains can be difficult, because several conserved hydrophobic residues in 
terminal repeat domains can be replaced with polar residues, and thus the terminal repeats 
often deviate from the consensus sequence (Mosavi et al. 2004 ). 
 

 

 
C                            D 

Figure 1. Repeat motif consensus sequences and structure. (A, C): ankyrin repeat. (B, D): tetratricopeptide 
repeat. The shaded blocks are conserved residues. The lines under the residues represent the beta 
hairpin-helix-loop-helix structure of ANK motif (A) and helix-link-helix structure of TPR motif (B). 
Ternary structure of a repeat protein containing four ANK repeats (C) (Mosavi et al. 2004), and a repeat 
protein containing three and a half TPR motifs (D) (Main et al. 2003). 
 

3.2.2 Tetratricopeptide proteins 
 
The TPR motif is composed of 34 amino acids (Main et al. 2003). In contrast to ANK motif, 
the structure of TPR is two helices connected by a tight turn (helix-link-helix) (Figure 1B). 
TPR repeats stack in parallel and form a structure different from the ANK proteins, a 
right-handed superhelix with little overall curvature. Several small and large hydrophobic 
residues define the TPR fold by causing two helices to pack at an angle of approximately 160 
degree. The major interaction surface is formed by residues from the first helix of each repeat. 
 

3.3 Comparative genomics 
 
A powerful method of studying genome sequences is comparative genomics. Comparison of 
homologous genes in different species may provide a way for assigning function to unknown 
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genes, whereas comparison to closely related genomes is a valuable method for gene mapping 
and characterizing gene function, and can help in understanding genomes. In addition, 
comparative genomics is also useful in investigating gene order, locating undiscovered genes, 
and identifying essential sequences such as promoters and other regulatory signals. 
Comparative analysis of the tandem repeat gene superfamilies in related genomes may 
provide insights to the relationship between their genome feature and parasitic attributes. 
 
3.3.1 Phylogenetic tree 
 
The objective of a phylogenetic study is to understand the relationship between organisms, 
and to study gene homology. In a phylogenetic study, the evolutionary relationship is 
illustrated by phylogenetic trees (Figure 2). The phylogenetic tree is a graph composed of 
nodes and branches (Li et al. 1997). The nodes are taxonomic units, which could be species, 
populations or genes. Phylogenetic trees have two kinds of nodes, external nodes and internal 
nodes. In Figure 2, nodes A, B, C, D and E are external nodes, which are extant taxonomic 
units under comparison. All other nodes are internal nodes, which represent ancestral units. 
The branches define the relationships among units, whose lengths usually represent the 
number of changes have occurred. 

 
Figure 2. Example of phylogenetic tree. 
A, B, C, D and E are external nodes. F, G, H and I are internal nodes. 99, 59 and 100 are bootstrap values. L is 
length scale. 
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3.3.2 Maximum likelihood method and bootstrapping 
 
Maximum likelihood is a method used in phylogenetic study (Felsenstein 1981). It measures 
the likelihood whether the proposed model and phylogenic tree could give rise to the observed 
data. The method searches for the tree with the highest likelihood.  

In phylogenetic analysis, bootstrapping is a statistical method for estimatíng errors (Efron 
et al. 1983). The original character matrix is randomly sampled to create new matrices of the 
same size as the original one. Tree searches are performed with each new matrix. The 
bootstrap proportion is the frequency with which a given bipartition is found among the trees 
created from the randomly sampled matrices. The proportion can be used as a measure of the 
reliability for the individual branch in the phylogenetic tree. In Figure 2, the three numbers 99, 
59 and 100 are bootstrap values. 
 

3.4 Aims 
 
As part of the Orientia tsutsugamushi genome annotation project, my work was to identify 
and classify the ankyrin and tetratricopeptide repeat gene superfamilies. The distribution 
patterns of these two gene superfamilies were investigated, in order to study their molecular 
evolution process in Orientia.
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4. Results 
 

4.1 Identification of ankyrin repeat genes and tetratricopeptide repeat 

genes 
 
All open reading frames (ORF) comprising more than 50 nucleotides were extracted from the 
genome sequences of Orientia tsutsugamushi, Wolbachia pipientis and seven other Rickettsia 
species (Table 1). These ORFs were searched by InterproScan, which is an online 
protein-motif searching tool integrating different protein databases (Zdobnov and Apweiler 
2001). All ORFs showing features of the ankyrin repeat (ANK) and the tetraticopeptide repeat 
(TPR) were compared with the coding sequences (CDS) given by Glimmer (Salzberg et al. 
1998). The CDS used in the following phylogenetic study and gene family classification were 
according to the results of Glimmer. As shown in Table 1, Orientia contains a large number of 
ANK genes and TPR genes and has an extraordinary large genome size. 
 
Table 1. Summary of ANK and TPR genes in Rickettsia, Wolbachia and Orientia 

Species Strain Genome 
size (Mbp)

Number 
of CDS 

Number of  
ANK genes a 

Number of  
TPR genes a 

Orientia tsutsugamushi Boryong 2.13 ~2000b 50 27 

Rickettsia akari Hartford 1.23 ~850b 9 NE 
Rickettsia conorii Malish 7 1.27 1374 12 4 

Rickettsia rickettsii Sheila Smith 1.26 ~1300 b 13 NE 
Rickettsia sibirica 246 1.25 ~1300 b 15 NE 

Rickettsia felis URRWCCal2 1.49 1439 29 10 
Rickettsia prowazekii Madrid E 1.11 834 5 2 

Rickettsia typhi Wilmington 1.11 838 2 2 
Wolbachia pipientis wMel 1.27 1195 25 4 
Wolbachia pipientis wBm 1.08 805 15 3 

a: The number of genes includes psedudogenes.  

b: There are no valid annotation entries in NCBI for these species. The CDS numbers were estimated from result given by Glimmer.  

NE: no estimate. 

  

4.2 Classification of ANK genes and TPR genes in Orientia 
 
Proteins that exhibit less than 50% similarity were considered to be in one superfamily. 
Proteins that exhibit more than 50% similarity were put in one family (Li et al. 1997). In 
Orientia, the ANK gene superfamily was divided into eight families depending on protein 
sequence similarity (Table 2). Family 8 was divided into two groups. Genes in one group were 
more than 70% identical to each other at the nucleotide sequence level. Gene copies were 
defined as showing more than 99% identity at the nucleotide sequence level. 
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Table 2. Ankyrin repeat gene superfamily in Orientia 
ANK gene 

family 
ANK gene 

group Gene name 
Length of  

the protein encoded (aa) 
Number of 

ANK domains
orf00027 712 1 
orf00278 716 1 
orf01952 718 3 
orf01883 706 1 
orf00227 722 3 
orf00964 204 1 

Fam1  

orf02553 322 1 
orf00675a 448 1 Fam2  
orf02277a 448 1 
orf00987 423 6 Fam3  
orf02026 393 6 
orf02256 495 8 Fam4  

orf02400-01-02-03 492 7 
orf00143 530 8 Fam5  
orf01289 65 ? 
orf00310b 390 5 
orf01436b 390 5 

Fam6  

orf02002b 390 5 
orf01105-06 285 4 

orf01181 328 4 
orf01390-91 342 ? d 

Fam7  

HH_1373 325 3 
orf01246 54 1 

orf02490-91 199 4 
orf00396 214 5 
orf01451 214 5 
orf01613 214 5 
orf01994 42 2 
orf02301 116 4 
orf00798 100 2 
orf00466c 44 1 
orf01808c 44 1 

Group1 

orf00807 85 1 
orf00659 314 6 
orf01025 183 4 
orf02387 185 5 
orf02167 290 6 

Fam8 

Group2 

orf02304 90 2 
 orf00323 219 4 
 orf00399 633 12 
 orf00696 657 1 
 orf00751 315 2 
 orf00897 508 8 
 orf01002 751 14 
 orf01196 250 4 
 orf01716 344 4 
 orf02050 291 5 
 orf02337 343 6 
 orf01097 411 ? d 

Others 

 orf01803 924 ? d 
aa: amino acid. a, b and c: These genes are copies of each other. d: The ankyrin domains of these genes are not 
typical. I cannot estimate the number of repeat domains. 
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  Most of the TPR genes in Orientia were found in one family, except orf01803, orf00739 
and orf00410 (Table 3). This family could be divided into three groups. Many copies of TPR 
genes were found inside groups. The longest TPR gene in each gene group was named 
“master gene”; orf02347-02439 for Group1, orf00684 for Group2, orf01512 for Group3. The 
master gene might be the origin of the other genes in one group. 
 
 
Table 3. Tetratricopeptide repeat gene superfamily in Orientia 

TPR gene 
family 

TPR gene 
group 

TPR gene  
copy Gene name Length the protein 

encoded (aa) 
Number of TPR 

domains 
 orf02437-02439a 467 12 

Copy1 orf00509-00510 298 4 
Copy1 orf01064-01065 298 4 
Copy1 orf02497-02498 264 4 
Copy1 orf00148-00149 298 4 

 orf00928-00929 197 5 

Group1 

 orf01053  38 ?c 

 orf00684a 379 9 
Copy2 orf01754 ~340b 8 
Copy2 orf00295 ~340b 8 
Copy2 orf02507-02508 ~340b 7 
Copy3 orf00769 240 6 
Copy3 orf02203 240 6 
Copy3 orf01043 240 6 
Copy3 orf02324 240 6 
Copy3 orf02287 240 6 
Copy3 orf01639 240 6 

 orf01171 120 3 

Group2 

 orf01277-01278-01279 258 2 
 orf01512a 230 5 
 orf01235 124 2 
 contig4098  65 ?c 

 orf02335 102 2 

Family1 

Group3 

 orf01035 76 2 
  orf01803 924 ?c 

  orf00739 264 ?c 
Others 

  orf00410 345 ?c 

a: Master genes are shown in bold.  
b: Possible pseudogenes. The coding sequences were not defined.  
c: The TPR domains of these genes were not typical. The number of repeat domains was not estimated.  
 
 

Different flanking genes were also used to classify TPR gene groups. As shown in Table 4, 
Group 1 TPR genes tended to be flanked by tra genes (encoding conjugal transfer proteins) 
and transposases. Group2 TPR genes were usually inserted into tra genes. Group3 TPR genes 
were flanked by phage-related genes and transposases. Different ANK gene families were also 
flanked by different genes, but the flanking pattern was rather complex (data not shown). 
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Table 4. Flanking genes of Orientia TPR genes.  
 
TPR gene 

familiy 
TPR gene 

group 
-1a 0b +1c 

Family1 Group1 traD orf02437-02439 spoT 
  hypo orf00509-00510 transposase 
  hypo orf01064-01065 transposase 
  traD orf02497-02498 transposase 
  traD orf00148-00149 transposase 
  hypo orf00928-00929 transposase 
  transposase orf01053 transposase 
 Group2 traG orf00684 traD 
  traN orf01754 traD 
  traN orf00295 traD 
  traN orf02507-02508 traD 
  traG orf00769 traD 
  traG orf02203 traD 
  traG orf01043 traD 
  traG orf02324 traD 
  traG orf02287 traD 
  traG orf01639 traD 
  traG orf01171 hypo 
  hypo orf01277-01278-01279 traD 
 Group3 traN orf01512 gepA 
  transposase orf01235 gepA 
  transposase orf02335 gepA 
  transposase contig4098 ftsY 
  traN orf01035 RVT 

Others  RVT orf01803 transposase 
  lipoprotein orf00739 hypo 

  aatA orf00410 vacJ 
a: The first gene upstream of the TPR gene.  
b: TPR gene.  
c: The first gene downstream of the TPR gene.   
 traA, traD, traG, traN: Different types of conjugal transfer genes. spoT: Guanosine polyphosphate 
pyrophosphohydrolases/synthetases. hypo: Hypothetical gene. gepA: Uncharacterized phage-related gene. ftsY: 
Signal sequence particle receptor. RVT: Reverse transcriptase. aatA: Gene encoding amino acid transport 
ATP-binding protein. vacJ: Gene encoding lipoprotein.  

 

4.3 Phylogenetic study of ANK genes and TPR genes 
 
TPR genes from Orientia, Wolbachia and Rickettsia (Table 1) were aligned using 
CLUSTALW (Thompson et al. 1994). For Orientia TPR genes, I used the master TPR genes 
in each group of Family 1 and all other genes outside Family1 (Table 3). The alignment was 
manually revised. Poorly conserved TPR gene sequences were excluded from the alignment. 
All the gaps in the alignment were deleted. The maximum likelihood phylogenetic trees were 
constructed using PHYML with default setting (Guindon et al. 2003). Interestingly, the two 
subtrees of TPR genes (Figure 3A in the frames) were quite similar to the tree constructed 
using rpoA (DNA directed RNA polymerase) gene sequences (Figure 3B). Orientia was 
placed between different Rickettsia species and Wolbachia. 
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A 

 
B 

Figure 3. Maximum likelihood tree constructed using PHYML, with 100 bootstrap replicates, using TPR gene 
sequences (A) and rpoA gene sequences (B). The first part of the node is the species name. The second part is the 
gene accession number. The second part of the nodes from Orientia is ORF number. 
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 In order to reveal the domain distribution pattern, nucleotide sequences of TPR domains 
were extracted from the TPR gene orf02437 in Orientia. The sequences were aligned. The 
alignment was manually revised and all the gaps deleted. A maximum likelihood tree was 
constructed using PHYML, as shown in Figure 4. Unfortunately, the bootstrap values were 
quite low. Phylogenetic trees were also constructed for ANK domains from some Orientia 
ANK genes. The bootstrap values were also rather low here (data not shown). So, I cannot 
draw any conclusion about domain distribution pattern from these results. 
 

Figure 4. Maximum likelihood tree for TPR domains in Orientia TPR gene orf02437. This tree was constructed 
using PHYML, with 100 bootstrap replicates. 02437_1, 02437_2 … 02437_12: The first TPR domain, the 
second TPR domain … the twelfth TPR domain in orf02437. 00684_2: The second TPR domain in orf00684. 
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5. Discussion 
Since the first Wolbachia genome sequence from the wMel strain was published (Wu et al. 
2004), bacterial ankyrin repeat (ANK) genes have received a great deal of attention. Few 
ankyrin repeat genes were found in other bacteria. However, a surprisingly large number of 
ankyrin repeat genes were identified here in Wolbachia and Orientia. Besides, lots of 
tetratricopeptide repeat (TPR) genes were identified in Orientia. Why were these tandem 
repeat genes found in these intracellular bacteria? Are they associated with these bacteria's 
pathogenicity?  
 Recent research has shown that some ankyrin repeat proteins are secreted into host cells. 
Two ANK proteins in Orientia were reported to interact with human elongation factor 1α 
(Cho et al. 2005). However the functions of most other ANK proteins are unknown. Part of 
the reason is the difficulty in culturing these obligate intracellular bacteria outside the host 
cell. The lack of a suitable vector for transfection is also a problem. No evidence showed 
ankyrin repeat domains have any enzymatic function (Mozavi et al. 2004), but they could act 
as scaffold mediating protein interaction. They could also be the recognition region if there is 
other functional domain in the protein.   
 Recent research revealed the importance of TPR genes in bacteria. Some TPR proteins 
are essential for TypeIII secretion system in Pseudomonas aeruginosa (Broms et al.2006). As 
shown in Table 4, TPR genes in Orientia tend to be inserted in the tra gene regions. tra genes 
encode conjugal transfer proteins, which are reported to regulate TypeIV secretion system 
(Kurenbach et al. 2005). Thus, TPR genes could be involved in Orientia secretion systems, 
and participate in translocation of bacterial enzymes into host cells. 
 
The Orientia genome encodes a large number of repeat proteins. This is quite extraordinary in 
bacterial genomes. These tandem repeat genes might be amplified by the large number of 
mobile elements. As shown in Table 4, most of the TPR genes were related to transposase 
genes. Some of the TPR genes were in the same operon as reverse transcriptases. This may 
indicate they were duplicated or translocated with these transposons or retrotransposons.  
Probably, the master genes were duplicated several times throughout the genome. After the 
duplication, the gene copies suffered certain mutations and were duplicated again, resulting in 
several copies in a group (Table 3). 
 As shown in Figure 3, two Orientia TPR genes, orf00410 and orf00739, were 
phylogenetically clustered with different TPR genes in Rickettsia and Wolbachia. The subtrees 
of these two genes were similar to each other and also similar to the tree constructed using 
rpoA gene sequences. This indicated orf00410 and orf00739 were vertically inherited from 
the common ancestor of Rickettsia, Orientia and Wolbachia. In the rpoA tree and those two 
subtrees, Orientia genes were all clustered with Rickettsia genes, but outside the Rickettsia 
cluster. The genes from different Wolbachia species were always clustered together. This may 
suggest Orientia could be the species between Rickettsia and Wolbachia during evolution. 
 TPR and ANK repeat motifs show extensive domain shuffling, duplication, deletion or 
insertion (Mozavi et al 2004). However, I cannot determine the distribution pattern of these 
repeat motifs from my preliminary result. As shown in Figure 4, the bootstrap values were too 
low to support the branches. Possibly, the domain sequences are too short to contain enough 
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informative positions.  
 
In this study, several new ANK and TPR genes that had not been described before were found 
in different alpha-proteobacteria species. They provide a valuable material for studies of the 
homologies, distributions, and mutations of the repeat proteins. 
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6. Materials and Methods 

6.1 Source of genome sequence 
The complete genome sequences of Wolbachia wMel (Genbank AE017196) and wBm strain 
(Genbank AE017321) were downloaded from the NCBI database (10 November, 2005). The 
complete genome sequence of Orientia tsutsugamushi, Boryong strain was obtained from 
Professor Cho, Seoul National University. This strain was isolated from a patient in Korea. 
Rickettsia genome sequences were downloaded from NCBI. Rickettsia akari Hartford CWPP 
(GenBankAAFE01000001). Rickettsia conorii strain Malish 7 (Genbank AE006914). 
Rickettsia rickettsii Sheila Smith CWPP (Genbank AADJ01000001). Rickettsia sibirica 246 
(Genbank AABW00000001). Rickettsia felis URRWCCal2 (Genbank CP000053). Rickettsia 
prowazekii Madrid E (Genbank AJ235269). Rickettsia typhi Wilmington (Genbank 
AE017197). Bartonella quintana str. Toulouse (Genbank BX897700). 
 

6.2 Identifying genes in genome  
In my study, all open reading frames (ORF) comprising more than 50 nucleotides were 
extracted and investigated using InterproScan (Zdobnov and Apweiler 2001) to search for 
protein domains and motifs. After that, coding sequences (CDS) were identified by 
GLIMMER (Salzberg et al. 1998). The gene and protein sequence similarity was searched 
using BLAST (Altschul et al. 1990) with default setting. 
 

6.3 Phylogenetic analysis 
Nucleotide sequences were aligned using CLUSTALW (Thompson et al. 1994). The 
alignment was viewed and revised manually in SEAVIEW (Galtier et al. 1996). The results 
from the comparison were used to build phylogenetic trees. Maximum likelihood trees were 
built using PHYML with default setting (Guindon et al. 2003). The phylogenetic trees were 
viewed using ATV (Zmasek et al. 2001). 
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